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Introduction
n the year 2003 work was started onaatomatic speech recognition system

(ASR) for Icelandic. A group calledtjal (e. babblg was formed by Hex, a

software company focusing on phone-based-serv&iesinn, the largest phone
operator in Iceland, The University of Iceland, ywding knowledge of Icelandic
speech sounds and a group of students of languagfendlogy for phonetic
transcription, Nyherji, a software house speciafisin enterprise solutions, and
Grunnur, another company interested in phone bssedces. This group received a
government grant, which was being offered as agfaanh initiative to make Icelandic
more computer friendly. The project was supervisgdScansoft Software, selected
because of their focus on localisation — Icelarisiing the 48 language added to
their selection.
The ASR was considered a great success, and ig@aogrally available for anyone to
use. Already it has been utilised as a part ofousriphone services created by Hex
Software. But for a phone-based service understgnitie caller is not enough; the
system must be able to reply. For this purposeefthe-recorded messages have been
used for static data, or a speech synthesiserdcatierri, made by Infovox, now part
of Acapela group, for dynamic data. Using dynamatagd such as news or flight
schedules from the Internet, could make for verpytar services, but when the
speech synthesis is poor, people will be reludianise them. The phone-system will
only be as strong as its weakest link.
After the arrival of the ASR, it is Snorri the shesiser that is the weakest link, and
improving Snorri was the original target of my raxsah. It is widely accepted that it is
through prosody where the biggest advances in Bpsgathesis intelligibility and
naturalness can potentially be made (Dutoit 1996/mds & Holmes 2001,
Hirschberg 2002, Syrdal et al 2000 to name butng,fand so this is where | looked
initially. However, Snorri belongs to Acapela groapd for the general user, in this
case the developer of the phone-system, it is ekbt@x system and little or no
modifications can be made externally. And so Sriwas stayed much the same.
Nevertheless, there has been some interest to makew Icelandic speech
synthesiser, and therefore | felt prosodic reseanight still be of some value to aid

this potential future project. To this end, | ceshta synthesiser for the Belgian
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MBROLA system for practical experimentation with prosody for Byesisers. As
my research went on, it became apparent that & keogous of speech would be of
immense value for further research in this area,atso for other aspects of speech
synthesis, not to mention other disciplines of laage technology and other linguistic
studies. Such a corpus could provide all the datguired to create a speech
synthesiser from scratch. Therefore, work was esiadn such a corpus, based on
recordings from the national radio (RUV), and altfb small, it has given valuable
insight into both prosody of Icelandic, as wellcaspus making in general.

Below | will begin by describing the state of loatihc phonetics and phonology
today, as well as the history of Icelandic speagtthesis. Then | shall be looking at
the options available for speech synthesis, andesigwhat | believe are the most
viable strategies for Icelandic speech synthesiaytaand in the near future. In the
third chapter | will present my suggestions forltnig a corpus of Icelandic speech,
from recording it to annotating it to putting it ige.

! http://tcts.fpms.ac.be/synthesis/mbrola.html
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1. Icelandic Phonetics
he basis of any speech synthesiser must be thelsaidrthe language it is

supposed to reproduce, and therefore it is ap@tpto begin by looking at

the speech sounds of Icelandic.

Consonants Stops pt th ch kb pt ck
Fricatives fvedsc¢cjxyh
Nasals mmnnnApoy» od
Laterals 11
Trills rr

Vowels Close irTevyo
Far u o a

Table 1.1The sounds of Icelandic

Traditionally, the unaspirated stops have beenstrdloed asly d 3 §], but in

recent years this has been changing. While thest@Adard for phonetic transcription
serves its purpose well in the literature, for lamge technology, it is a bit hard to
manipulate. Therefore, a different method is resplir

1.1 SAMPA
During the making of the aforementioned ASR systamcomputer readable

transcription standard was needed. For this, SAMBAa popular solution, but no
Icelandic adaptation of the standard existed foelakdic. Professor Eirikur
Rognvaldsson adapted Icelandic to the SAMPA stah@@bgnvaldsson 2003), and
the same transcription standard was used for malimg MBROLA speech
synthesiser. Even though it worked well in bothjgcts, and has more than proven its

worth, | am tempted to suggest a few changes agskpt those in table 2 below.

Vowels
i island istlAnt ‘Iceland’
i visa Vi:sA ‘poem’
I kyssa cOlsA ‘kiss’
l: kisa cOl:sA ‘pussycat’

2 http://www.phon.ucl.ac.uk/home/sampa/home.htm
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CC o o©o < <00 >» >» mm

o ® @
gegeee

o
<

au
au:
6y
oy:
yy
oy

Consonants

p
po
t
t0
k
ko

S X QO T 0

n0

tefla
gefa
malt
fara
boppa
holur
burt
fura
born
félur
russi
snla
seint
breyta
Seetta
leeti
flotti
bét
sattur
latinn
shautt
auga
hugi
bogi

bjorn
pera
dreki
teppi
gardur
karl
gjald
kerling
hjél
hattur
saga
vigta
nef
hnatur

hringur

tOEpIA
J-E:VvA
mAIOt
fATA
pOhpA
hO:1Yr0
pYrot
fY:TA
p9tn0
fo:1Yr0
rusi
stnU: A
seynOt
prey:t0 A
sayhta
lay: tO |
flouhtl
p ou: t
sauhtYrO
lau:t0In
stnéyht
6y:Ga
hyyjl
boyjl

pj9tno
POE: T A
trE:cOl
tOEhpI
kArDYr0
kOAtIO
CAIlt
COEtlIiNKk
Cou: 10
hAhtYr0
SA:GA
VIXTA
nE:f
noU:t0Y r0
rOiNKkYrO

‘play chess’
‘give’
‘malt’
‘leave’
‘bounce’
‘hollow’
‘away’
fir tree’
‘children’
‘pale’
‘Russian’
‘turn’
‘late’
‘change’
‘settle’
‘ruckus’
‘escape’
‘patch’
‘content’

‘deceased’

‘impoverished’

eye
‘mind’

‘bow’

‘bear’
‘pear’
‘dragon’
‘carpet’
‘garden’
‘(old) man’
‘fee’
‘(old) woman’
‘wheel’
‘hat’
‘story’
‘weigh’
‘nose’
‘knot’

‘ring’
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NO préngt TreyNOt ‘tight’

J engi eiJcl ‘field’

Jo pinkill p0iJocltl0 ‘package’

m mark m A rO k ‘goal’
mO pumpa pOYmMOpA ‘pump’
T purs TYrOs ‘ogre’
D adall A:DAtIO ‘nobility’
S siour sl:DYr0 ‘tradition’
% vagn vAknO ‘wagon’
f fifill firvitlo ‘dandelion’

r reykur rey: kOYro ‘smoke’
r0 hrista rOlIstA ‘shake’

I 169 19:x ‘law’

10 hlaup 109y: p ‘jelly’

i joro jorT ‘earth’

Table 1.2SAMPA for Icelandic
One of the main changes from the original SAMPApation is a clearer difference
between diphthongs and monophthongs. In the nesiorermonopthongs are mostly
uppercase (with the exception of [i]), while theplthongs are lowercase.
Furthermore, no symbol used to represent a monopbths used for making a
diphthong. For instance, [A] was written as [a}e old adaptation, and [ay] as [al].
While more intuitive in a sense, it required regukxpressions of a varying
complexity to find every instance of a monophthdngthe transcribed corpus,
without finding the diphthongs that use the sammal®yl. Making a clearer distinction
like this should make working with the data easier.
Another important change is the marking of unagedrand aspirated stops. Using
the pairs [p] and [p0], [t] and [tO], [k] and [k@nd [c] and [cO] rather than the
previous [b] and [p], [d] and [t], [g] and [k] ardd ] and [c] better reflects the modern
IPA standard of Icelandic transcription. Furthereyazhoosing the unvoiced symbol
‘0’ for aspiration neatly shows many features otlémdic pronunciation; the
devoicing of trills following aspirated stops farstance. Looking at the words in (1.1)
we can see how the relation between the bilabagissis shown more clearly, and also
how the aspiration ‘moves’ to the [r] to devoice it

[P0 E s t]pest(pest)

[p rO E stY rOJprestur(priest)

[p E stY rO]bestur(best)
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[pr E stY rOJbrestur(crack) (1.2)
Even though consonant length is not marked usirggdtandard | will continue to
refer to long and short consonants meaning conseriallowing short vowels and
consonants following long vowels respectively. Tisiglone to save space more than
anything else.
The SAMPA standard will be use for every transaoipthat follows.

1.2 Phoneme Length
Historically, the length of both vowels and consmsahas been marked in Icelandic.

In the past few years it has increasingly been astggl however that only vowel
length needs be marked as the consonant lengtimbes to do with its perceived
length compared to the preceding vowel than anahédmgthening of the consonant
(Pétursson 1974, for instance). This was firsttpydractical use during the making of
the Icelandic ASR system in 2003, and did not caumseproblems there. As far as the
machine was concerned, there was no significarferdiice between what had
traditionally been considered long and short vamnst of a consonant.

This was also done during the making of the IcaaMBROLA synthesiser, where
it worked for the most part. | say for the mosttpas the synthesis of short vowels
and following long consonants sounded strange inaice contexts. Generally
speaking the desired effect could easily be reablyeeiplicitly stating the length of
the consonant. But for certain context, no mattaw lthe length is modified in the
MBROLA synthesiser engine, it always sounds sligittong. | believe this has to do
with the rapidity of the transition from vowel tortsonant, and somehow this had not
been recorded properly during the making of thelssiser.

Duration has not been the thoroughly researchedcilandic for some time, and
indeed, the significance of duration is not easigfined (Dutoit 1997:162). It is
accepted that there is some difference in durdietween different phonemes: they
can be long or short. Their length is generallysidered to be relative rather than
absolute, but all long phonemes roughly equallyjand all short phonemes roughly
equally short, with the possible exception of thers[r], which is exceptionally short
(Roégnvaldsson 1989:47-48).

What needs to be determined is how well this hallg if each and every phoneme
has its own inherent length, which is then modifsadtording to context, or if they

can be split into groups that share the same duratiaracteristics.



1.2 Phoneme Length?

A brief survey of Icelandic speech sounds seenssipport the necessity of making a
clear distinction between long and short vowelg] dre following consonants. The

results are shown in table 1.3. The data for thpeegment were acquired by a mostly
automatic alignment of waveform and phonetic trapsion of 11 minutes of speech

from the Icelandic National Radio (RUV). The texasvphonetically transcribed by

hand, based on the read text rather than the agauaforms, so vowel length marks

were based on expectation rather than practice,sansome discrepancies can be
expected. The initial alignment of the transcriptito waveform was made using

MBROLIGN?, then ported to pratising a perl script.

Vowels Median Max Min Consonants Median Max Min
9 70 119 47 C 39 100 33
9: 74 185 50 D 50 140 13
9y 75 114 50 G 50 132 29
9y: 138 176 90 J 50 80 30
E 60 200 21 c 80 140 13
E: 88 110 44 N 50 70 18
| 60 215 16 T 70 182 20
I: 81 132 64 p 70 150 29
0] 67 160 30 cO 80 150 50
O: 85 106 60 t 60 170 22
Y 50 202 27 f 70 160 21
Y: 90 170 76 Kk 50 197 16
A 60 237 28 h 50 170 15
A: 115 144 50 j 45 90 13
ay 80 180 47 kO 92 150 39
ay: 85 90 80 | 50 110 16
au 83 200 50 10 55 103 38
au: 139 190 50 m 60 170 16
ey 91 143 50 mO 58 66 50
ey: 90 117 69 n 50 212 16
i 51 172 27 n0 54 110 20
i 60 66 21 p0 79 120 50
ou 70 184 34 r 50 130 16
ou: 90 215 50 ro 50 110 17
U 69 150 32 t 51 110 17
u: 91 124 50 s 74 177 22
t0 70 158 28
v 50 110 11
51 70 50

Table 1.3Length of Icelandic speech sounds.

3 MBROLIGN is a phoneme to waveform aligner that tieen synthesise the utterance using the
intonation.http://tcts.fpms.ac.be/synthesis/mbrolign/mbroligml.
4 ; ; .

praat is a free program for phonetic reseantp.://www.fon.hum.uva.nl/praat/
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What is striking is the discrepancy in length ohsonants. This shows that when
looking at consonant length, context is of gregbontance. The longest consonants
follow short vowels, and this context must be presé for the data to make any

sense. We should find that consonants after a stoovel are of roughly the same

length (150-300 ms), or that the ratio betweencibresonant and the preceding short
vowel is similar throughout (3:5 - 4:5) (Rognvalossl989:47-48). Further research
in this area should be quite interesting.

The significance of duration will be discussedtiertin chapter 2.4.2 below.

1.3 Icelandic Speech Synthesis
The first serious attempts for a commercial spesetthesiser in Iceland were made

in the year 1986 when Kjartan Guomunsson, a commdence graduate, tried to
adapt an American system to Icelandic. After sixnthe of hard work with little
results, it was clear that the American system ddaé unsuitable, and the project
was halted for more than two years. It was decitiatl making an Icelandic speech
synthesiser in Iceland would be an insurmountaddé,tand so it was decided that
foreign aid would be needed. In 1989 Gudmundsstomgawith linguist Pétur
Helgason, started work anew, this time with thephefl Swedish software company
Infovox, using the Infovox system that had alrebégn adapted to other languages.
The project took just over a year, at the end ofctwha fully functional formant
synthesiseérwas ready. All of the above was taken from Helgas(1990) report on
the project.

By comparison, making a basic MBROLA synthesisektabout three months with
no expert aid other than that gathered from varibetp files, although this
synthesiser was unable to read anything other gtametically and prosodically
transcribed text. With the experience gained, a MBROLA synthesis database
could be created in a week or two. While therdilsaslong way to go, | believe this
shows well how much conditions have changed. Buethdr they have changed
enough so what was considered impossible 18 ygargsanow possible remains to be
seen.

The Infovox synthesiser described by Helgason (L9@&s the predecessor of the
current synthesiser, Snorri, who is diphone batedthe MBROLA synthesiser. The

method used to create Snorri is unknown to me, kiewe

® This, and other types of synthesisers, will be diesd in some detail in the following chapter.
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It is interesting to see what Helgason (1896¢es as the potential future for
synthesisers. He could foresee the potential fonpkbased services, but goes on to
point out that as the computer cannot understaaduier, this interaction will be
rather one sided without the aid of a keyboard.thtrefore suggests that without
speech recognition, speech synthesis for the pagpotdelivering dynamic data to
the user will be very limited.

Now it seems that the situation is opposite to whatas: the system can understand
the user quite well, but getting the data to theruso he or she can understand

properly is the problem. This can only be overcawit a better synthesiser.

®“NU opnast s& moguleiki ad menn geti fengid upiplyar ir gagnabanka gegnum sima. S& béggull
fylgir p6 skammrifi ad pétt télvan geti talad pagrehin ekki hlustad.”
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2. Speech Synthesis

here are many ways of producing synthetic speedhsa it is important to

have a basic grasp of what types of solutions eadadle. | will begin by

looking at two of these types briefly, before faogson one strategy in
more detail, namely diphone synthesis. | shall tinewe on to other aspects of speech
synthesis, and while diphone synthesis will remaithe foreground, much of what

follows also applies to other strategies.

2.1 Types of Synthesisers
There are two main types of speech synthesisausartodayformant synthesisers

andconcatenative synthesiser@utoit 1997:175).

Rule based formant synthesiss a complete synthesis of speech sounds, where al
the sounds are generated by computer based oge database of rules of speech
production. In other words, speech is achievedxijigitly, in the form of series of
rules that formally describe the influence of phomee on one another” (Dutoit
1997:177). These systems have the advantage tliae aomputer generates all the
aspects of the voice, changing a number of parametan effectively create a
completely new voice, even of a different gendetei§ired. The prosody is also fairly
easy to control, as well as the speed of speectheamade much faster than that
possible with concatenative systems while remaifanty intelligible.

Even though formant synthesis has its roots in ¢hdiest attempts at speech
synthesis, and has been around for much longer than relatively recent
concatenative systems, it has so far been unabtertpete with the concatenative
systems’ naturalness, and takes much longer to rma#leat a higher cost. Work is
ongoing in the field, however, and recent attenaptssing “higher level parameters”,
where the developer can control parameters thaaahg easy to understand, leaving
the actual calculation of new formant positionsh® computer (Carlson & Granstrém
1997:774), show that formant synthesis is headedhe right direction. If a
breakthrough is made so that formant synthesiesystan be as easily built as a
concatenative system in the future, this will beegy exiting option.

Concatenative systemgan be divided in two main groupdiphone concatenation
systemsandunit selection systemsBoth are based on recordings of actual speech
sounds, concatenated to make continuous speech.sy$tem has very limited

knowledge of the data it is handling, so speedyeiserated “[ijmplicitly, by storing
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examples of phonetic transitions and coarticulatipn], and using them just as they
are” (Dutoit 1997:177). The difference between &dwo variants is what the
recordings consist of. A diphone system consistsspdech sounds in pairs so
generally each recording is made up of the lagtdfadbne sound and the first half of
the next, thus storing not the speech sounds thHeessebut rather the transitions
between them. In a unit selection system each detprcan be longer, even a whole
phrase, and variations of each with different emsghar stress can be recorded.
Where more than one instance of a unit existshést fitting one is selected in real-
time. Unit selection systems are generally of &eathigher quality than diphone
systems. This is for many reasons: for instancgains between two recordings from
the speech database are the areas where discbeincan appear, and a unit
selection system, containing larger units thanphale system, has fewer joins and
therefore fewer discontinuities. In diphone systeting density of concatenation
points is much greater, or effectively one per gmwa (Dutoit 1997:187). But the
higher quality of unit selection systems comes gtiee as they also require many
more recordings and take up much more space. Sh&niple mathematics. In a
diphone database for a language with 30 separateegh there are 3(ossible
arrangements of those phones into pairs of twot Waald make 900 recordings.
Thankfully many of the pairs never occur in spesglhihe final number of recordings
should be much smaller than this. The Icelandi@spesynthesiser described below,
for instance, had 58 phones, which should mean @@dones. In the end, it was
made up of merely 2106 diphones.

A unit selection database would have a similar remath diphones, but many variants
as well. Just adding a single additional unit te tBO phone sample database
mentioned above, say the word ‘and’, a recordingw&r one of the 30 sounds in a
position preceding and, and again after and, pleswvord ‘and’ twice in a row, brings
us up to a total of 961 possible recordings?(3The database grows very fast and
exponentially with each and every added unit. Witharge annotated corpus, it is
possible to extract the required sounds autométieeith very good results. This
depends highly on the quality of the corpus, howeve

In the end, all the required recordings for a dipheystem can be recorded in an
afternoon, while a unit selection system would ¢osth more in time and money. |
would consider a diphone-based system to be bastidor Icelandic until a suitable

corpus can be built.



2.2 Diphone System$2

2.2 Diphone Systems
The basic idea of diphones is that each segmemiosra recording of the transition

from the steady-state portion of one phoneme, ® dteady-state portion of the
following phoneme. However, even at the centresplobnes there can still be
significant variation (Holmes & Holmes 2001:71-7Zhis is because the rising and
falling of formants occurs very gradually, and stimes the effects of one phone can
reach over to more than just its immediate neighbblie phone may therefore never
reach this ideal steady state, even at the cefediscontinuities caused by this are
one of the biggest problems facing diphone systamd clearly shows that the

concatenation algorithms must be top notch.

L1E-]

FELANRROAR I

— e e —r — e
Figure 2.1Spectrogram of the MBROLA synthesiser saysygur.

(Fig. 2.1) shows a spectrogram of the synthesisad sykur([s I: kO Y r0], ‘sugar’).
Note how a clear line runs through the middle & [&] (the irregular blob at the
start). This is because of context differences. [The] diphone was taken from the
word sogur (‘stories’), while the [s |] diphone was takerorn the wordsidir
(‘traditions’). The rounded [9:] irsdgur colours the preceding [s], while no such
rounding occurs in the [s] ihysid Fortunately, mismatches of this sort are hardly
audible in unvoiced fricatives such as [s]; thisumple was chosen as the mismatch
appears more clearly on the spectrogram in [s] thany other phonemes. The same
kind of mismatch can occur within every phonemeg¢aee should be taken to record
them in as neutral an environment as possible.

Using larger units for the phones with the largestnant movements is another way
to try and eliminate these discrepancies. The probkith this approach is that then
we are moving towards unit selection systems, antlas already been mentioned,
every added unit is exponentially costly. That s&ighones are used along with the
diphones technically speaking as diphthongs arallysuwecorded as a half of a

diphone. A balance between the two must be found.
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2.2.1 Icelandic Diphones
Finding the required diphones can be tricky. Fardist of a list of target diphones

must be compiled. With the 58 phones of Icelandientified (table 1.2), a list of
potential pairs of phones is easily acquired. As leready been mentioned,
theoretically the formula for the number of diphsmequired i© = p>whereD is the
number of diphones anglis the number of phones. In this caBer 58 = 3364
However, many of these potential diphones can imeiredted. For instance, /J/ only
ever appears before a /c/, can never be preceded bgnsonant and causes
diphthongisation in many vowels so only relativédyv of them could ever appear
before it.

A phonetically transcribed corpus would be an inable aid to this process of
finding valid and invalid diphones in Icelandic.day the only such corpus is the one
made during the making of the Icelandic ASR, andemrery helpful it only contains
transcriptions of individual words. There are mampre diphones that must be
recorded that occur only between words or at boueslaf compounds. For instance,
there are no occurrences of the diphone [9: ghendorpus, but it can be found in
context such asjo gallabuxur ‘seven jeans’, or in any other place where tleese
seven of a word beginning with [g].

There are several ways of recording the targetatiph. One thing is clear, the corpus
must be specialised for this purpose. Dutoit (1990) states that “a list of 100
phonetically balanced sentences covers only 43peaf the 1,200 units required for
French, with a redundancy of about 80 percentis Woubtful that Icelandic is very
different. There is also some debate about what typcorpus to use (Holmes &
Holmes 2001:73). Is it better to use isolated wasdsvhole sentences, nonsense
words or real words? Bigorne et al (199aygue for the use of logatoms (another
word for nonsense syllabic sequences), while Di&©3) argues in favour of word-
based units. The same applies for whether the ttamgjes should be in stressed or
unstressed syllables. As Dutoit (1997:191) poini§ stressed syllables are longer
and thus there is less risk of coarticulation difer the phones, decreasing the
chances of discontinuities over concatenative baties. Unstressed syllables on the

other hand are more numerous in speech, and praggitieem well could increase

" According to Dutoit (1997). He cites Bigorne e(3993) in his text, but in his list of references,
Bigorne et al are listed as being published in 19&lthe article appeared froceedings of the
International Conference on Acoustics, Speech, agubSProcessing 93 assume 1993 is the correct
year.



2.2 Diphone System$4

segmental quality. The qualitative difference betwevowels in stressed and
unstressed syllables could also have an effecthimgahat the two might have to be
treated entirely separately. The same debate apphiespeaking rate, as slower
speaking may result in higher intelligibility butome overarticulated units and
therefore decreased naturalness.
For the Icelandic MBROLA synthesiser, a combinatadrmostly real words and a
few nonsense words was used. The nonsense wordsmastly compounds where
one word ended with the first half of the requirdighone, and the second word
started with the second half. For instance theneweade up words such E&almo-
ast Malmo-love) andbidhjol (waiting-bike) for the diphones /9 au/ and /T C/
respectively.
| would suggest using a combination of words anasease words as above. As long
vowels only occur in stressed syllables, then timexgt be extracted from those. The
rest should be taken from unstressed syllablessprtial care must be taken with the
short vowels. The short vowels should be taken freyflables that, were they
stressed, the vowel would still be short. For tighdne /O m/, for instance, 1a) in
(2.1) would be less ideal than 1b). If we remove prefix vel- the first syllable
becomes stressed, and the /O/ in 1a) becomes $G&#awn in 2a). The /O/ in 1b)
remains unchanged (2b)).

la) [v E | kO O m I njelkomin(welcome, pl. neut)

1b) [v E 1 kO O m n I rOyelkomnir(welcome, pl. masc)

2a) [kO O: m I nkomin(arrived, pl. neut)

2b) [kO O m n | rOkomnir (arrived, pl. masc) (2.1)
Even though actual vowel length is marked expyiail MBROLA by the automatic
phonetisation, the qualitative difference betweée transitional phases of the
diphones can be significant for comprehension, @aflg when emphasising certain
syllables. If these guidelines are followed, a m®rsof each variant should be
available in the database.
A suggested list of diphones, based on the oned tserecord the MBROLA
synthesiser, is included in the appendix. It shdugdfairly extensive, but remains
somewhat inaccurate until more research with tdeo&ia large phonetic corpus can
be undertaken. There are both chances of rare mgshmissing, or over-generation
that would only be spotted through thorough andhodital research. A sample of
this sort of over-generation that has now beendoamd rectified is shown in (2.1)
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above, and described in 2.1.2 below, where onbr aftaking the speech synthesiser
the nature of unvoicing of trills after aspiratédps became clearer. | would even go
further and suggest unvoicing of other sounds dkaifter aspirated stops. We could,
for instance, look at the woratvinng ‘work’, which in my pronunciation could be
either transcribed as [A: tO v | n A] or, less iniely, [A: t f 1 n A]. By
experimenting with the MBROLA synthesiser the lattgen seems to sound better,

but whether this is universal or only applies in&i& contexts remains to be seen.

2.2.2 Problematic Diphones
A few language specific issues must be mentiongdtly; most speech synthesisers

for Icelandic seem to have a tendency to acquageach impediment callegbrmael]
which is the Icelandic equivalent of replacing \ith [w] in English. This may be
because of the nature of the Icelandic [r] combiwgt how the speech synthesiser
produces sound lengthening. While most voiced seurale a repetitive waveform
and can therefore be lengthened by simply repe#timgvaveform segments, the long
[r] is a trill. The mismatch between a glottal aydn the one hand and the trill on the
other distorts the sound producing something tands a bit likegormeeli This
effect is hard to overcome, but hopefully the glims for recording short and long
vowels (and therefore short and long consonantsjtioreed above will suffice to
minimise this problem. The short [r] is extremehod, merely a tap, and repeating
that sort of waveform results in something strangeshaps contributing to the
gormeelieffect. The combination of recording it clearlydaexplicitly reflecting this
shortness in the synthesiser should at least soatedécrease the number of
perceived cases of this phenomenon. Glottal cyeled repeating segments are
described in more detail in 2.2 below.

Syllable initial unaspirated consonants followed/ldyor /r/ are quite troublesome:
should these be transcribed as, for instance, f@ 0] or [k 10 ou: rO] Klor)? Both
variants were recorded for the Icelandic MBROLA thgsiser, but it turns out that
the two are mostly interchangeable. | would theeefeuggest that the latter way of
transcribing this sort of cluster be used throughds described in 1.1 above,
thinking of the aspiration (marked with a ‘0’) aadving’ over to the following liquid
and devoicing it may be a helpful mnemonic duriagscription.

There is also the question of dialectal variatidhis should not be of any great
significance for Icelandic as dialects are mininaagd two of the most common ones,
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haromeeliandlinmaeli have mostly the same inventory of diphones, smdsumade
from the speech of a speaker lmdromaeli should be useable to make a speech
synthesiser spedikimaeliand vice versa.

One rather rare but useful dialectal variation ba horth coast means that /N/ is
always and only followed by [k] as shown in (2.8hich decreases the number of
required diphones a bit. Whether this is accept#imegh is arguable, and while |
have this dialectal feature, | recorded the mowelyi used variant anyway.

-ngl- variant standard gloss translation

[KrOiINKIA] [krOiNIA] kringla ‘disc’

[UIINKYTrO] [UNIiNkYrO] unglingur ‘teenager’ (2.2)
Allowing for some of the dialects can have an adage, however. One of those
dialects is the ‘voiced variant’ of the north co@stddadur framburdu). It differs
from the more common dialects in that post-stoisagnd /I/ are voiced. While the
dialect is fairly rare, accommodating for this diénce will also enable to the
synthesiser to pronounce foreign words more cle@therwise it would be forced to
pronounce words like ‘help’ as [h E 10 p] and ‘barikas [p au JO c E r0].

Which brings us neatly to another dialectal vari@#fore ‘ng’ and ‘nk’ in Icelandic
certain monophthongs are diphthongised. For instdranki (bank) is pronounced [p
au JO c I] andirengur(boy) is pronounced [t r ei N k Y r0]. This explaithe [p au JO
¢ E rQ] pronunciation of ‘banker above. The ‘Wdsird monophthong variant’
(vestfirskur einhljodaframburddir does not have this diphthongisation, and if
diphones for that dialect are included as well, niesign words can be pronounced.
Pronounced with a strong Icelandic accent, no ddulitstill fairly intelligibly.

It should be noted that realistically the dialecé hardly be combined. With the
West-fjord monophthong variant you can pronounc¢fdrefore nk in spelling, but
then you must devoice your /n/. However, with tlheced variant, you do not have to
devoice the /n/, but you must diphthongise the guley [A]. Recording those two
dialects should nevertheless suffice, as the requdiphones will exist. For instance,
to pronounce ‘banker’ properly (albeit with a sigdieelandic accent), [b a J cO E r0],
we can get the [a J] diphone from the monophthoagauat and the[J cO] diphone
from the voiced variant.

standard m.phth. variant voiced variant gloss tlatien

[baudclin] [badln] [bauJcln] banginn ‘coward’

[bauJdOcl] [baJOcl] [baud &0  banki ‘bank’ (2.3)
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Having the option of changing dialects within Iged&c is perhaps not something that
would be worth putting a lot of effort into, as thariation is so slight and little or no
social stigma is attached to any of them. Butsfaaside effect, more cross-language
intelligibility can be acquired, it may be worthetreffort to record the additional
diphones required to cover those variants. Prgclsatause the variation is so slight,
and the differences are fairly clear and coverinly @ few easily definable phonetic
contexts, the increase in size and complexity efdhtabase is fairly small, but the

increased flexibility will be great.

2.3 Concatenation of Diphones
The actual technical side of aligning the diphofasplayback is rather outside the

scope of this essay, but having some idea of wigfptocess involves can only be
helpful during the recording process. | will be kogy mainly at one option and some

of its variations.

2.3.1 PSOLA
Splicing two waveforms smoothly together can betequroblematic. To begin to

solve this issue, we must have a basic understgrofihow voicing is produced.
When pronouncing voiced sounds, the vocal foldshaaely touching each other and
air is forced through the glottis (the slit betwettse vocal folds). They begin to
vibrate rapidly, and the glottis rhythmically opearsd closes. Each such opening and
closing of the glottis is called glottal cycle. The discontinuities between two
segments can be minimised if the join occurs atsdo@e position during a glottal
cycle for both segments (Holmes & Holmes 2001:T4g ideal position for joining is
where the amplitude is at its lowest. Therefore,fhsition of each glottal closure, or
the pitch pulse, is marked on the waveform andepdsh markers can then be used
to create a windowed segment for evpeitgh period. The window should be centred
on the maximum amplitude point of the pitch perisahoothly tapering to either side.
The size of the window is longer than a singlelpperiod so some overlapping will
occur. After the tapered waveforms have been oppéd they can be added together,

creating a new waveform.
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Figure 2.2 A tapered window centered on the maximum ampliiedgplied to each pitch period.
(Based on Holmes & Holmes 2001:75)

This process is a combination of two techniguyagch-synchronous joining, and

overlap-add, and is therefore callgaltch-synchronous overlap-add or PSOLA.

2.3.2 Pitch and Timing
One of the main strengths of the PSOLA method & thitch can be modified

relatively easily. It can simply be raised by desiag the spacing between pitch
markers, and lowered by increasing the spacings @ibes have some effect on the
synthesiser quality, however. Mostly the formamdaidth is slightly widened, but
moderate widening does not seem to be perceptaghificant. If the window is
wide enough, pitch change can range from half teavwithe original with little
detrimental effect (Holmes & Holmes 76).

Modifying timing is also relatively straightforwardo produce a longer sound unit,
one simply has to repeat the pitch period for ag las is needed, using the same
overlap-add process as is used to concatenateetiffgphones.

The problem with the two methods mentioned abowvihas they rely on having the
pitch markers in the correct positions. These canhbard to detect automatically
without the aid of a laryngograph, and will alwdyave to be corrected by hand
afterwards, and it takes a trained eye to find them

2.3.3 Modifications to PSOLA
To overcome these difficulties, various alternagive PSOLA have been suggested

and tested. One of these modifications is rindti-band resynthesis overlap-add
(MBROLA) method, the same as was used to make the Icel’BIROLA speech
synthesiser. MBROLA is based omulti-band resynthesis PSOLA (MBR-
PSOLA). MBR-PSOLA works in much the same way as PSOLA the& segments in
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the database are attsynthesisedwith a constant pitch, which means every pitch
period is exactly the same length. This elimindiesneed for pitch markers as every
segment now has the same known pitch value. This mcreases intelligibility
because there will be no mismatches in pitch ircatenated segments, but could also
potentially decrease intelligibility if the resymi$is somehow fails. The modifications
are applied only once to the entire database asfttre do not complicate or slow
the synthesis in practice. MBROLA works on the sdmsis, but with a version of
DPCM compression applied to the waveforms to mdiee whole system take up

much less memory while retaining most of the qualit

2.4 From Text to Phonemes
With the diphones recorded and a database credtatiwe have is a system that can

read text as long as it has been phonetically ¢rédoed. As automatic prosody
generation is dependent on word classes and wamtexio this cannot easily be
automatically imposed on transcribed text. To duspdic generation, then, the text is
examined and analysed, a prosodic model genemateldthis model then imposed on
the text, and the phonetic conversion automaticalyle afterwards.

For the purposes of my research | made a smalbds¢aof strings of no more than 5
characters along with their phonetic transcriptibthen used a simple perl script to
read the text, starting with 5 characters and ¢rym find a match. If no match was
found, the last character was thrown away and tbgram looked for a 4-character
match, and so on until a match was found. Thenold try the next 5-character
string until it reached the end of the text. Idiyia this frequently resulted in
unpronounceable sequences and so more rules weeel adhtii most of the strings
returned could at least be parsed without causmegram errors in the MBROLA
engine. There were still plenty of pronunciatioroes, however. These would have to
be corrected by hand.

The quality of a system like this is hardly accepgafor anything other than basic
research however, and while a better databasele$ eould probably be created
manually, the lack of research in the relation leemv orthography and phonetics
means that other methods might be more feasible.

Dutoit (1997) mentions two basic strategies forrm@iation:dictionary-based and
rule-based strategies. The former uses an extensive phodaiionary to find how

words should be pronounced. The phonetic dictiomagyated during the making of



2.4 From Text to Phoneme&x)

the ASR in 2003 could very well be of some use haltbough whether it is thorough
enough is hard to say. The other option, rule-basedegies, is similar to the simple
program mentioned above, but far more effectivegidased systems can be made. A
mixture of those methods is also conceivable, whasst of the phonetisation process
would be rule based, while a dictionary of a fewdined common words would be
used when applicable. A quick survey of variougdexX Icelandic showed that the
1000-2000 most common words in any text will corarghly 90 percent of the text.
It could therefore be helpful to make a large cerpfitexts in an appropriate domain
and transcribe the most common words by hand tthaigphonetisation.

There are two basic types of rule-based systennst fhiere areexpert rule-based
systems where an expert has to build the rules by harsdornunciation is Icelandic
is fairly regular, this option might very well bedsible. Another option isained
rule-based systemsWhile trained rule-based systems could never hopsompete
with well-structured expert systems, they have ddeantage that they are largely
language independent and require little or no listiknowledge. They do require a
transcribed corpus for training, however. The otmgnscribed corpus available is
sadly lacking for the purposes of training a ruéesdd system as it only contains
transcriptions of isolated words, not sentencesaminuous speech. As mentioned
above, this leaves some boundary phonemes unaecbtort A combination of the
two methods might work, however, training the systen a transcription of isolated
words and creating rules that govern word bounddrjehand afterwards.

Artificial neural networks for letter to phone conversion are an exciting@aptised
successfully for Romanian (Burileanu 2002), whicisvat a similar level as Icelandic
speech synthesis is at today. An added bonus isnthaal networks are language
independent, and the importance of this will becatear later. Without the resources
for practical application of this system for Icaliz) what follows will be based on
the Romanian results, and speculation and expextatior Icelandic, hopefully
providing a basis for practical experimentation aefinement in the not too distant
future.

The input text is fed to the system, five charactdra time, with the target character
at the centre and any blanks filled with a boundamgracter (#, in the Romanian
case). The words are then shifted so the next wgetor will have the next character
as its target and so on until the end of the seetésn reached. Apart from simply

learning what phone can correspond to each letier,neural networks are also
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trained to learn the articulatory features of epbbne, enabling the system to make
more abstract rules. What features are needed id t@m say without some
experimentation, as Burileanu (2002:220) points @éutfirst these rules would be
based on accepted theory for the language, butdhrdrial and error the difficult
ones causing the most errors must be removed amddoenmy’ features added that
may or may not correspond to any theoretically sofeatures. These must be
practical, first and foremost, and may or may ediect the theory.

Another rather simpler method is usidgcision trees Kevin Lenzo’st2p text-to-
phoneme convertércan create these trees automatically from a proaiigt
transcribed dictionary and use it to predict thenpinciation of previously seen or
unseen data. It is used by the Festival sy§tand the MBRDICO projett which is

a text-to-speech system for MBROLA synthesiserbased on the same algorithm. It

starts by reading through the dictionary, tryinglign each letter with a phoneme.

REDDADIST

rEt_aDlst (2.4)
(2.4) shows one possible alignment of the worddadist (‘turned out well in the
end’). As not every letter can be assigned a phenéme program will have to make a
choice and align one of the letters with null, neaflas _ (Lenzo 1998).
Preliminary testing seems to indicate that Lenzution works quite well for
Icelandic. However, adapting the program propedyldelandic has caused some
problems, and until these issues have been resqiveper evaluation is pending. The
problems are mainly two: first of all, the prograeads the special characters (p, &, 6
etc) incorrectly, and secondly, it assumes thatriheber of the phonemes in the
phonetic strings must never be longer than the murobletters in the orthographic
string. Due to phenomena such as preaspirationrseadting [t] between [s] and [n]
in Icelandic, this last restriction is rather ofteiolated. For instance, the woegpli,
‘apple’, is transcribed [E h p | ], meaning thenee more phonemes than graphemes,
so the word will simply be ignored by the progradway around this is to make up
combined phonemes, such as [h+p], bringing the murobphonemes down to four
([E h+p | 1]), and therefore fulfilling the resttion. One way around the problem with
special Icelandic characters is to assign a ardifitemore computer friendly character

8 t2p can be downloaded fronttp://www-2.cs.cmu.edu/~lenzo/t2p/
® http://www.cstr.ed.ac.uk/projects/festival/
10 hitp://www.tcts.fpms.ac.be/synthesis/mbrdico/
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to each of them and replace the characters iretttentith their new symbols. Initially
| used numbers, 0-9, but as 0 seems to have aaspacction in the program, it did
not work as planned. | therefore used the lettéa®a replacement. The alignment is
shown in below

APEIOUYPAEOD

1234567890Q (2.5)
This is not very intuitive however, but an autoroatonverter should be easy to
implement so the user would never have to thinluatieese adjustments.
After the initial alignment is dondeature vectorscan be created. These show each
letter in context of three preceding and threeofelhg graphemes, where L stands for
the letter itself, L1 the next letter to the ld%] the next to the right and so on (Lenzo
1998). A vector for the wore@ldhusbekkur(or eldh6sbekkyrusing the substitute
number instead of thdl), meaning ‘kitchen counter’, is shown in (2.6). €Th

underlined column shows the letter the phonemebeilaligned to.

L3 L2L1L R1 R R3 Phonere
___¢e _1dh E
__el dheo I
_eld h6s to
eldh  6sb _
ldh6 sbE U:
dho6s b E K S
h6sb  EKK p
6sbE  kku E
sbEk  kur h+k

b E Kk ur _ _
Ekku r_ _ Y
kkur  _ _ _ ro (2.6)

The resulting vectors are essentialbntext-sensitive rewrite rules where L “is the
letter itself; the other ‘features’ are lettersaijacent positions” (Lenzo 1998). From
this a decision tree built which should be fairlglixcapable of guessing what is the
appropriate pronunciation of a string.

It should be possible adapting the phonetic dietigrcreated during the making of
the ASR system, and indeed, with a few minor adjests t2p could read the

dictionary and create a decision tree that worlkedlyfwell. Even with this rough sort
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of adaptation the results look promising. With arenthorough conversion and fine-
tuning, for instance finding what combined phonems give the best results, the
results would doubtless improve. The results dii@tstest are shown in table 2.1. A
random news article was selected from a news &ietaining just over 200 words,
and so we can assume that at least a few of thdswawuld not be found in the
dictionary.

Without boundary
Every error and function word
errors

Phonemes | Words | Phoneme | Words

94,69% [69,72% | 98,92% | 93,58%

Table 2.1Accuracy of the t2p program for Icelandic

The results are split into two categories, bothwshg the number of correctly
predicted phonemes on the one hand, and corre@tligbed words on the other. The
first category counts every error the program malde,other is more forgiving. As
the dictionary is based on words being pronounaedheir own and not in context
many of the errors occurred on word boundaries,iamdost cases these could easily
be predicted with either a larger corpus, or soolesrapplied to the automatically
derived transcription afterwards. The other comneoror was length in function
words, such aad (‘to’), og (‘and’) andi (‘in’). On their own and when emphasised
these could be pronounced [A: T], [O: x] and [rgspectively. However, in normal
speech the vowels are usually short, and the camssrare either dropped or can
change from unvoiced to voiced, depending on theest. If we assume that these
errors are easy to fix afterwards and we can thezefimply ignore them, the success
rate is much higher, as shown in the second coluresults like this may be
unachievable in practice, but they look promisimgetheless. Should the error rates
fall somewhere in between those reported aboveg, ithest be considered acceptable

by most standards.

2.5 Prosody
Speech is much more than a series of monotonousdsairinged together to form

sentences. There are things to consider suchessspitch, intensity, duration; even
the silences have an important function. This aspdy. Prosody in speech synthesis
is not only needed to make the speech more nataraiding or pleasing to the ear,
but it is essential to improve intelligibility. Psody both lends prominence to parts of

an utterance through emphasis, and therefore ioriamt to the meaning of a
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sentence, as well as working as a grouping functramch makes understanding
easier for the listener. In fact, it seems that bester the prosody, the more
background noise can be tolerated without negatiaiecting comprehension to any
great degree (Fordyce 1998). That is to say, wabkidband/or unnatural prosody,
minimal background noise or disturbance is enowghttie listener to lose track of
what is being said, while with more advanced prgso easier to follow even under
a fair amount of disturbance. If we consider thHas tbackground noise that can
interrupt comprehension can be something as sirapl@hone line static, finding

ways towards natural sounding synthesis becomdiseathore important.

2.5.1 Naturalness in Synthesised Prosody
Consider the following example.

Eg kom & bil fra Akureyri, ekki med flugvél.
| came by car from Akureyri, not by plane. (2.7)

Here it would be appropriate to put stress on tbedwor ‘car’, as it is contrasted by
the word ‘plane’. Indeed, putting the stress o, Sakureyri’, would be unexpected
and confusing. But how can the synthesiser know?tfio gather this information
automatically is tricky. It requires knowledge amtlerstanding of semantics and this
can hardly be expected of a speech synthesis eagiiés time. This is the dilemma
we face in speech synthesis. Just as prosody @rieng to decipher the meaning of a
sentence, meaning becomes important for the prapelication of prosody. As
speech synthesis systems today generally haveetdmitays of gathering any
information about the meaning of what is being saw@ have to accept that full
naturalness cannot be acquired now and we mushalddst we can with what we
have. (Monaghan 1990:89) gives a fairly reachadoiget to aim for:

Acceptable intonation must be plausible, but neetbe the most appropriate

intonation for a particular utterance: no assunmptibunderstanding or generation

by the machine need be made. Neutral intonatiors do® express unusual

emphasis, contrastive stress or stylistic effatts the default intonation which

might be used for an utterance out of contexf This approach removes the

necessity for reference to context or world knowkedvhile retaining ambitious

linguistic goals.
However, while creating a speech synthesis systeisvital to bear in mind that
while neutral intonation is acceptable for readifigreviously unseen text, there are
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means to improve the prosody by marking the text tine synthesiser will read. Care
should be taken that while a built in default piysdor general use is required, there
must be a way for the user to explicitly mark pitisosariations so that some control
can be exerted over the output. The importancehisf becomes clear when we
contrast (2.7) above, where marking stress on ‘egplicitly would make the whole
sentence easier to understand, with (2.8) beloversvthe meaning of the sentence
can change depending on whether a phrase boursdargsent or not.
1. a) Eg aetla ekki ad taka street6 | af pvi ad ég er sskoun.
‘I'm not taking the bus | because I'm so cheap.’
Meaning: It is because | am so cheap that | watltake the bus.
b) Eg eetla ekki ad taka straet6 af pvi ad €g er s\wkunis
‘I'm not taking the bus because I’'m so cheap.’
Meaning: The fact that | happen to be cheap tstm® reason for my
taking the bus. (2.8)
Unlike (2.7), (2.8) does not merely sound odd usimagtral intonation, but the
meaning of the utterance depends on the prosody.n€htral intonation may sound
quite natural, but the meaning could be wrong. ug of ambiguity cannot be
avoided in unseen text, but if problems like thesee up in a predefined text that is,
for instance, part of a telephone service, the iserprovider must be able to

communicate with the synthesiser to correct it.

2.5.2 Prosody for Synthesis
A simplified version of ToBlI (Tones and Break Indices)will be used in the

following chapters to describe Icelandic prosodyBT is an abstract way of
describing the melodic curves of speech, usingesops of relativéones The tones
are defined as the “phonological abstractionsHertarget points obtained after broad
acoustic stylisation” (Dutoit 1997:142). This alastrnature of the tones seems reflect
how we perceive prosody, and could therefore b&eduelpful. Indeed, there are so
many ways to produce the same sentence while iegaine same emphasis, and the
same general pitch contours that perhaps an abattdayeneral description might be
more appropriate that a clearly defined mathemiaticenula. The actual curve of the
fundamental frequency might then be generated, pétihaps a bit of randomisation

thrown in, to fit the rough guidelines set by tlumé values, resulting in natural
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sounding speech that still sounds differently etioke. In any case, using ToBI
should be useful both for human readers and syistrss

2.5.2.1 Stress and Duration
Stress, just like tones, is a rather abstract qundeis hard to define, and indeed it

seems to be “impossible to find a (simple) acousticrelate of stress” (Dutoit
1997:131). It causes prominence in syllable, buatvexactly causes this prominence
is a bit unclear. However, even if we cannot alwpysduce it correctly, it is “a
necessary concept for explaining the relation betwprosodic structure (such as
elementary contours) and segmental structure (sahword stress)” (Dutoit
1997:131).
Arnason (1998) shows that while lexical items irelémdic are prosodically left-
headed in Icelandic, neutral sentences are rightidet That is to say, word level
prosodic events generally occur on the first sydlalwhile sentence level prosodic
events on the last word. He also states that “thess goes on the rightmost
‘stressable’ unit of the focus domain” (Arnason 88®) Example (2.9), also from
Arnason (1998), shows how neutral sentence stsedght strong.

petta er gamall MAGur

‘This is an old man’ (2.9)
So it is the first syllable of the last word thateives the stress. This is not always the
case as can be seen in example (2.10), once againriirnason (1998:50).

Jon BAUG mér

'‘John invited me'

Jén baud SIGgu

‘John invited Sigga' (2.10)
There seems to be some sort of hierarchy in eféaxt the above examples show how
verbs are stronger than personal pronouns, whilinsare stronger than verbs.
Arnason shows more examples of this, suggestinéptiwaving hierarchy:

nouns > verbs > prepositions > personal pronouns (2.12)
This seems to hold for many cases, but there areraus exceptions, mostly having
to do with semantics, and are therefore hard tdipr@utomatically. When it comes
to adverbials, the word class alone is not enowugldetermine the strength of the
words as can be seen in (2.12) (Arnason, 1998).

Jon KEmur ekki
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‘John isn’t coming’

Jon kemur Areidanlega

‘John’s certainly coming’ (2.12)
Arnason goes into much more detail, but for autéenatosody generation we need
simple rules we can follow, and armed with the klealge we have already acquired,
we should be able to make a system that predicteatostress at least some of the
time. As | have already mentioned, too many ofititecacies of prosody are beyond
the rather poor analytical qualities of modern dggthesisers, and so we must make
do with the limited information that is useable.
Duration plays some part in stress, as soundsesssd syllables generally seem to
be longer than in unstressed syllables. Durati@refiore seems to affect “units”
rather than single phonemes and Dutoit (1997:1&@)gasts a few formulas to
calculate the duration of the phonemes within eawgit. One of those is shown in
(1.13).

Dur; = exps + ko) (2.13)
Here, ‘Dur; is the duration of the phonemén a syllable ang4 and g are the mean
and standard deviation of its log-transformed darnat in a large corpus” (Dutoit
1997:163). Using this formula, every phoneme wittiiea same segment or unit will
have its length factored Wy andk can be acquired from the corpus. Pending more
research however it is hard to say how effective fibrmula will be.

2.5.2.2 Tones
Arnason (1998) mentions two contour tones in lagilanHL and LH (high-low and

low-high), and two boundary tones, H% and L% (hégitd low). Recent research by
Dehé (unpublished) seems to confirm this. These umw@ally used to contrast
declarative and interrogative sentences, as se¢d.14) (Examples from Arnason
(1998)).
parna er Disa komin.
HL L%

‘There’s Disa arrived’

Er Disa komin?
LH L%
‘Has Disa arrived? (2.14)
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Both interrogative and declarative sentences cdnagtin a low boundary tone (L%),
as well as a high tone (H%). These tones seengtalsiinality or lack thereof as
demonstrated in the correspondence between fdihemd his one-and-a-half-year-
old son, V, in (2.15).

E: Fyrst férum vid i peysuna

HL H%
‘First we put on the sweater...’
V: Jaaa..
HL H%
‘Yeeees...’

E: Svo forum vid i skdna

HL H%
‘Then we put on the shoes...’
V: Jaaa...
HL H%
‘Yeees...’

E: Og svo forum vid at!

HL L%
And then we go outside!
V: Ja!
HL L%
Yes! (2.15)

In the first two utterances we have a rising boupdane, and the child imitates this.
The last utterance then ends with a falling tomgnadling the end of the series of
actions, and again the child imitates this. Thisxa¢ only an example of how we
indicate whether there is more information to fall@r not, but also shows that
prosody is an important aspect of speech thatcisepi up by the child very early in
the language acquisition process.

2.5.2.3 Phrases
Before looking at how tonal contours can be impbiteo a speech synthesiser, there

is one last thing to look at. Prosody also hasftimetion of segmenting the speech
into shorter, more easily parsable parts. Thesealed minor prosodic phrases. The
tones usually occur within those phrases, endinj aiboundary tone. Dutoit (1997)
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reports that thechinks 'n' chunks algorithm has proven very successful for right
headed languages.

a (minor) prosodic phrase = chinks* chunks* (2.16)
Chinks are basically defined as function words gpettions and conjunctions) while
chunks are content words. There are some impagtar@ptions: only object pronouns
are seen as chunks and tensed verb forms are ewsid¢hinks. For Icelandic,
considering all verbs and all pronouns as chinkskea fairly well. There is little
doubt that making the same distinction as Dutoittioas, or finding new ones more

suited for Icelandic, would improve the segmentatio
chink chunk

chink chunk

Figure 3 An FSA for the simple yet effective chinks 'n' ckaralgorithm
While the segmentation into minor phrases usinglkshin’ chunks has shown some
promise, it is still a very simple method that caasily go wrong. Consider the
following sentence, taken from the RUV corpus.
*( Eins ) ( og flestir a torginu ) ( bera Martin () og Stefan huafur [..] ) (i
donsku fanalitunum )
‘Like most people on the square, Martin and Stefear hats in the Danish
colours’ (2.17)
The error in (2.17) is the splitting @fins og ‘like’, between two phrases. Whether
this is something that should be accounted for Hy POS-tagger or chinks ‘n’
chunks, an exception dictionary seems to be thg wm@ly to avoid this type of
problem. It should be noted that a simple list xéeption will hardly be enough as
cases like (2.18) show.
(Jéhanna) (er tuttugu) (og eins) (og Gudrun) (gtugu) (og fimm.)
‘Johanna is twenty one and Gudrun is twenty five.’ (2.18)
In this caseeins ogdoes not mean ‘like’, but are indeed separatesjgitsbeing the

genitive neuter of ‘one’ and og being the conjumcti‘and’. Of course this
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segmentation is not entirely correct, as humbeosilshprobably be considered to be
part of the same phrasgJthanna)(er tuttugu og eins)’ and so on.
Another issue not accounted for by chinks ‘n’ chairgte the differences between
phrase boundaries. Simple rules for determiningsehdifferences are hard or
impossible to find. Quené and Kager (1989) suggdistinguishing between
intonational phrases and phonological phrases and using their boundaries as
guidelines.

[( This sentence) (is divided) (into intonation&rpses)] [(which are divided)

(into phonological phrases)]

(from Dutoit 1997:151) (2.19)
There is little data available for Icelandic phrageucture and this would be an
interesting subject for further research, and wagein be greatly aided by a spoken
language corpus.
The nature of different boundaries should also sbewhe light ondownstep in

Icelandic, where the fO frequency gradually deaedkrough each sentence.
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Figure 2.4 Pitch contours of an utterance in newsreadihtalldor Asgrimsson utanrikisradherra er
sdmuleidis staddur i IstanbUIThe two straight lines emphasise the gradual downste

Downstep does not occur in every utterance, andgon (1998) puts this down to a
difference in finality and non-finality. When coumg, for instance, downstep is less
likely to occur.

Einn, tveir, prir, fjorir...

LH LH LH LH

‘One, two, three, four...’ (2.20)
Each of the LH tones has roughly the same finalhptarget. But in what in what
Arnason (1998) calls “closed” counts, downstepioaeed occur.

Einn, tveir, prir, fjorir, fimm.

LH LH LH LH HLL%
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‘One, two, three, four, five. (2.21)
Here each LH tone has a slightly lower pitch tatban the previous one. Both types
of counting end with a final low tone eventualljgwever, but the downstep only
seems to occur where the final number is certaim fthe beginning.

2.5.2.4 Speech Synthesis
| will be suggesting some rules that might work poedicting intonation, but such

heuristics based rules made by hand will never eeniith more advanced corpus
based techniques.
It seems that for neutral speech synthesis the imatidns HL, HLH%, HLL% and
LHL% will suffice for the most part. Every phonologl phrase will have the pattern
HL, except the last phonological phrase within atomational phrase, which will
have the pattern HLH%, until the final phrase whéteL% will be used for
declarative sentences, or LHL% for interrogativeiteeces. While the LH tone
pattern does have a semantic and stylistic sigmifie, this will not be covered by this
system to ensure neutrality of the intonation aordtlie sake of simplicity. As Dehé
(unpublished) states, both LH and HL are used tkmarrow focus (both contrastive
and non-contrastive). HL however is more commotheftwo and so that will be our
pitch accent of choice. The pseudo-code in (2.23) diven some promising results.
Note that all pitch changes are gradual.
1. Define variables. PhraselnitialPitch = 140 HreSsPitch = 180 Hz.
MinimumPitchForReset = 110 Hz. EndPitch = 75 Hz
Set pitch at the first syllable to PhraselnRitgh.
3. If the phrase is the last phrase in the sentence

a. If the sentence is declarative: Set pitch atpireultimate syllable
as StressPitch. Set the final syllable pitch to rtstat
PhraselnitialPitch — 10 Hz and end at EndPitch. nodram.

b. If the sentence is interrogative: Set pitchhatpenultimate syllable
to start at PhraselnitialPitch — 10 Hz and endtesSPitch. Set the
final syllable pitch to start at PhraselnitialPitdnd end at
EndPitch. End program.

4. Else: Set pitch at the penultimate syllable teotsat StressPitch. Set the
final syllable pitch to start at PhraselnitialPiteh 10Hz and end at
StressPitch. Subtract 10 Hz from StressPitch, fréfm PhraselnitialPitch.

a. If PhraselnitialPitch is less than MinimumPitohiReset: go to 1.
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b. If next phrase is in another intonational grogpzto 2.

c. If next phrase is in same intonational groupt@a. (2.22)
As an example, | selected a sentence from the RONpus: Franski 6kuporinn
Sebastian Loeb, sem ekur Citroen-bil, sigradi kigmdsrallinu i morgun og nadi niu
stiga forystu i heimsmeistarkeppnin(iFrench driver Sebastian Loeb, who drives a
Citroen, won the Turkish rally this morning and névas a nine point lead in the
world championship’).

[( Franski 6kuporinn Sebastian Loeb, )][( sem ekiitroen-bil, )][( sigradi i
Tyrklandsrallinu i morgun ) ( og nadi niu stiga ystu ) ( i
heimsmeistarakeppninni. )] (2.23)

Chinks ‘n’ chunks should be able to determine theomphrases correctly in this
case. Accurate rules for determining intonatiorfatapes are missing as | mentioned
above, but in this case punctuation would havedtelfhen we apply the rules for
modifying fO mentioned above. At the start the Ipits set at 140 Hz and gradually
gets higher before reaching 180 Hz at the penuléiregllable. Then it drops down to
130 Hz (PhraselnitialPitch - 10 Hz), and at thetstathe last syllable (Loeb), starts
moving up again towards 180 Hz. We now detract ¥0frdim StressPitch and 5 Hz
from the PhraselnitialPitch and start again wite gecond phrase. At the start the
pitch is set at 135 Hz, moves up to 170 Hz at greuiimate syllable before dropping
to 125 Hz and then going up to 170 Hz again. Andrso
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Figure 2.5Pitch plot for a neutral synthesised sentence.

This sounds fairly natural already, even thoughdiness seems to be a bit off. Note
how detracting from the PhraselnitialPitch and &tRitch after every phrase results
in a slight downstep. In longer sentences, the dtsyn will be reset after
PhraselnitialPitch reaches a certain minimum, @efiny MinimumPitchForReset.
Adding stress information to the pseudo-code is toot hard. Simply moving the
StressPitch position from the penultimate syllabl¢éhe syllable to be stressed seems

to work fairly well. In the above example, movirgetpitch peak in the second phrase
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to the first syllable of ‘Citroen’ and the firstlgble of ‘Tyrklandsrallinu’ in the third
phrase and so on does seem to make the utteramoe significantly more natural.

Figure 2.6 Stress adjusted synthesised speech.
But will this always work? The simple answer is mdnd unless an acceptably
accurate automatic way to do the phrasal segmentatin be found, the majority of
sentences will sound wrong. It would be easierlimaathe user to segment the text
himself by hand, and indeed this is the solutiomyndTS systems use (Dutoit
1997:152). | do believe that the pseudo-code wdkknvfairly well in many cases,
provided the segmentation is correct. But manuginemtation is hardly acceptable,
as one of the main strengths of having a synthesises ability to read dynamic data.
Automatically determining the segmentation corgecdl beyond the current system,
and with the exact nature of intonational and pimahagical phrases undetermined
finding ways of overcoming this problem will be Haor impossible. Even if the
segmentation was correct, in its current form theugo-code has some great flaws.
Short phrases, for instance, would cause problexapecially exceedingly short
phrases as those in (2.24).

[(Jon) (fér). ])

‘John left.’ (2.24)
The pseudo code assumes at least two syllablesgmgnent (StessPitch on the
penultimate syllable, PhraselnitialPitch and Endiion the last syllable), so these
have to be accounted for as well. And it can omgdr a specific type of text; to
capture more intricacies of speech a large setile6rwould be required. As before,

automatic corpus based training must be the recomdatkoption.

2.6 Icelandic Synthesis
It is my belief that language technology is sommeghiceland could become quite

good at on an international scale. The equipmeqtired does not have to be
expensive, but the results can be highly profitaBfmeech synthesisers are developing

rapidly and speech synthesis solutions are beinghgavorldwide. Speech synthesis
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in Iceland does not have to be only synthesis efaludic, and focusing on language
independent solutions as much as possible willlrésiknowledge and experience
that can be exported.

But we must not stretch ourselves too far too fAbbve | have mentioned some of
the parts of speech synthesis where work is redquiBy using freely available
systems such as the Edinburgh-made Festival syswudmch is already becoming
standard-setting in the world of speech syntheBistqit 1997), it is possible to
experiment with the different modules separately tay them out as work progresses,
rather than blindly hoping that it will all comegether in the end. Festival even
supports MBROLA databases, so the first steps hlready been taken. Even though
the MBROLA database must not be used for commeptigdoses, it can be used as a
placeholder for later recording while experimentimigh every aspect of the narrow
phonetic transcription.

For the different parts of speech synthesis | heaeered so far, | hope | have
managed to show both options available with whaiwkadge and data is available
now, but also how what steps can be made in thefatme.

Those future steps all depend on a large and wadlentorpus of Icelandic speech,
and how this can be acquired will be the subjethefnext chapter.
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3. Building a Phonetic Corpus

ost of what | have said above is based on suppostather than

empirical evidence. Indeed, on top of that muchhef recommended

methodology for automatic generation of prosody @hdnetisation
presupposes the existence of a large phonetic arsibgtic corpus. | therefore must
suggest that the first step taken towards highityuamotive speech synthesis for
Icelandic must be the building of such a corpusriMm a basic corpus of this nature
is already well underway, and in the following cteap | shall be describing the work
completed so far, what must be improved and sudggester development required

for a full fledged phonetic and prosodic corpuscefandic.

3.1 (vef)Setur hljédan(na)
To assist prosodic research for Icelandic speecthegis an experimental corpus was

created to gain some further practical understandih what to consider when
building a phonetic and prosodic corpus. It waggithe name (vef)Setur hljodan(na)
(a play on words that is hard to translate), and cén be found at

http://hljodan.simblogg.isThe corpus is composed entirely of recordingsneivs

reading provided by the Icelandic National RaditJyB. No interviews are included,
only read material. This provides a good example ‘mbfessional reading’,
something that might be a desirable target for eesp synthesis system. It has its
limitations, however, as the reading is not veryogamal, and there is little variation
in the types of sentences. For instance there vgasgée question in the whole of the
corpus.

The recordings were copied from CDs and convertgmwav files, each containing a
sentence or utterance. For determining where aramte ended breaks in speech
after a fall in tone were used rather than foranse punctuation.

A part of the corpus was transcribed phoneticalhd gurther analysed using
MBROLIGN for automatic phonetic alignment and pra@ar fine-tuning the
alignment and extracting data. Mietta Lennesike textgrid_from_segment_data
program for praat was invaluable for translating tMBROLIGN data to praat
readable textgrids. Praat is a powerful prograndfwng phonetic analysis and can be
downloaded for various operating systems free afgd from the following website:

http://www.fon.hum.uva.nl/praat/

11 hitp://www.helsinki.fi/~lennes/praat-scripts/
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Figure 3.1 A praat textgrid showing waveform, spectrogram,n@tic and orthographic transcription
tiers.

When part of the corpus had been aligned like thi#) only phonetic transcription
and waveforms to match, all sorts of informationldde extracted. Praat has its own
scripting language so it could be programmed toaektevery occurrence of a phone
or diphone, which could help with locating potehtiargets for diphone system
creation. It can also be used to find highest pdtla phrase to determine not only
where rises occur and when during the phone oalgglthey peak, but also give
numerical data to show exactly how high the pithrhese sorts of data are doubtless
of great value as guidelines for prosodic genematiatil fully automatic methods can
be developed. With sophisticated praat scripts Hiet Mertens’ prosograr a
detailed graphical analysis, again, using only @nddfile and a textgrid as data, can
be generated (fig. 3.2). A graphical representatibsound files like this could be

very helpful to transcribers looking for boundarégsl locations of tones.

12 http://bach.arts.kuleuven.ac.be/pmertens/prosogram/
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Figure 3.2 A prosogram graph showing pitch, power and phorsditscription. Please note that this is
using the older SAMPA standard.

The text was automatically tagged using a TnT b#&%@8 tagger being developed by
Sigrun Helgadottir et al. The tagging was minimahly the word class was
determined, but details such as case, number arkgevere ignored.

The corpus was placed on the web for public use,fannavigation a front end was
programmed in php. The corpus structure is simfgeeach news hour the sound
files have a unique prefix, followed by an incret@mumber. For each news hour
there is also a text file with the same prefix, &nel contents of the text file have a
one-to-one correspondence with the sound filest iBha say, line one of the text file
describes sound file one, line two goes with sofiledtwo and so on. The text files
describe what is being said, but also the wordsabdi®ach word as determined by the
POS tagger. In the corpus, the words are coloveatddsed on the word class. A link
to the corresponding sound file is also providedttermore, the user has the option
to display automatically determined intonation @es based on thehinks ‘n’
chunksalgorithm described above, for comparison.

Great emphasis has been placed on keeping thents#parate from the design,
making it easy it import more data into the corpwghout any additional
programming. So far it has succeeded in my view.c@frse any annotational

additions would have to be programmed into the esrput adding more data of the
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current form would only require the sound files @hd corpus description in a text
file to be uploaded to the site. This is importamtfuture changes.

But in the end the (vef)Setur hljédan(na) corpusinine considered a pilot corpus, an
experiment to see what can be done and how it dhoeildone, a small project to
learn about the ‘dos and don’ts’ before undertalanigqrger project. This is what |
hope can be done.

3.2 Towards a Spoken Language Corpus
Making the corpus will be no trivial task, and mhbstplanned extensively beforehand

to ensure a successful outcome. Hopefully the fiollg guidelines will provide a

good starting point.

3.2.1 Data Storage
In recent years storing speech recordings digitadly become the norm and must be

considered the preferred and obvious option. Buatwimappens when data are

converted from analogue to digital? Understandimg is important so the recordings

can be of the highest quality possible, while kegghe size manageable. Johnson’s
(2003) excellent analysis is the basis for whdbWes$ on digital storing of sound.

3.2.2.1 The Nature of Sound
First we must understand what sound is and whatre/eecording.

A sound wave is a travelling pressure fluctuatibat tpropagates through any
medium that is elastic enough to allow moleculecrmwd together and move
apart. The wave in a lake after you throw in a stsnan example. The impact of
the stone is transmitted over a relatively largeatice. The water particles don't
travel; the pressure fluctuation does. (Johnsor3200
These fluctuations can be measuredaynles per second (Hzyvhere the higher the
frequency (again, Hz), the higher the pitch.

3.2.2.2 Analogue and Digital
To store data digitally we have to split the soumd samples and store those samples

individually. Sound waves are usually representgd lourve: an analogue recording
would best be described by a solid line (a contisiave), while a digital recording

is a collection of points, each point representirgample (a discrete wave).

The frequency of the recording is a measuremeihioaf many of these samples are
played in a second. The more samples we get,hechigher the frequency of the

recording, the better the quality. But how far @gngo? If we look at a simple sinus
wave, we can see that we need at least two pairg®te it: one for the highest point
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and another for the lowest valley (assuming thguemcy remains constant). This is
the minimum, having more points would of courseréase the accuracy of the
recording. If we keep this in mind, we can see betause the frequency of sound is
measured in cycles per second and the frequenay mfcording is measured in
samples per second, the highest frequency soundawesapture is half that of the
frequency of the recording. To reiterate: to recaratycle we need at least two
samples, therefore to record a sine wave that ted€® times per second (100Hz),
we need 2 samples to record a single cycle, aneftire a recording frequency of
200Hz. This is why CDs are recorded at 44kHz, ashman ear is incapable of
hearing sounds of a frequency higher than about20Khere is a term for this; the

highest frequency that can be captured with a gsaampling rate is called a Nyquist

N

V2NN

Figure 3.3To represent a constant sine wave, at least twolearage required for each cycle.

frequency (Johnson 2003:22).

Another factor in the quality of a recording is liis rate. The bit rate determines the
accuracy of the samples. With more bits we canmeee digits to represent each
sample. In an 8-bit recording, for instance, weydmve 256 values to choose from
and this will give us a 'stepped’' wave as can ba ge(Fig. 3.4). It will not conform

very well to the original. This deviation from tbeginal sound wave generates noise.
The higher the bit rate, the more accurately tiggtalirepresentation can approximate
the original sound recording and the lower the edgvel. CDs, for instance, use 16
bit recordings. There will be some stepping in gudigitised sound wave because we
are representing a continuous wave as a discretebom with a higher bit rate steps
will be smaller and in greater numbers, making diegiation so minimal that it is

hardly audible.
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Figure 3.4 Two identical sinus waves recorded at 44 kHz, onith @ bitrate of 16 (dark line) and
again at a bitrate of 8 (light line). The waves hbgen slightly offset to make the difference cleare

3.2.2.3 Excess Frequencies
This is not the end of the matter though, as thunds of a frequency higher than can

be recorded at a certain frequency are not ignatgdmatically. The computer will

try and record them anyway, and tries to generat@\ae from the points it can 'see’.
This results in a wave of a frequency much lowantthe original and causes noise or
distortion in the sound file. Therefore, the higlfrmquency sounds must be filtered

out.

/\ AN N
A

Figure 3.5 A high frequency wave (light) cannot be properlysdéed with a lower frequency
recording. The resulting wave (dark) is of a muckdbfrequency than the original.

This is perhaps why some insist that vinyl recaos superior to digital recordings,
even though the lost sound is of a frequency thaulsl be completely out of range

for the human ear.

3.2.2.4 Storing Data for Speech Research
In speech, frequencies above 10kHz are not likellget of any consequence at all to

speech research so this should not be a worrystemohg data at 22kHz should be
more than sufficient. In the past, 8 bit recordimgse considered good enough, or at
least preferable because of size limitations, ag¢kordings would have to be stored
on floppies or transmitted through much slower imé¢ connections, but nowadays
file size is the least of our worries. However,réhess no need to go overboard and 16
bit 22 kHz recordings should store all the data éine needed accurately.
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3.3 Collecting the Data
Having decided on the format of the data, a degisio what should be recorded must

be taken. The corpus must be usable for the pusposationed above, but it should
also have some potential for the future. What cdnddused right now would be data
for phonetisation and prosodic training. A datakfaseliphones would also be handy
to improve and replace the MBROLA database, bumastioned above, diphone
databases are highly specialised and recording themot all that time consuming.

When carefully prepared, all the recordings canniagle in an afternoon and the
segmentation in a couple of days. But looking te fhture, a prosodically and
phonetically annotated corpus is a large step m direction of unit selection

synthesis, so while such a corpus would be mucgebithan what is strictly required
for a diphone synthesiser, it would still be verseful, and invaluable for future

synthesis.

3.3.1 What to Record and How Much
It is hard to say exactly how large a corpus wddde to be to function as a database

for a unit selection system, but Black and Lenz@0@ provide some guidelines. A
phonetically balanced database of 460 sentencastisinreasonable”, while “[i]f the
text has not been specifically selected for phanetiverage a larger database is
probably required”. As the aim of the corpus istgulearly defined, it should be
fairly well balanced phonetically, and therefor®<4&00 sentences should be enough.
Black and Lenzo (2003) suggest that “If the databasbroadcast news stories, the
synthesis from it will typically sound like readw stories (or more importantly will
sound best when it is reading news stories).” With in mind it is important to select
the domain carefully. So far, speech synthesis be®n mostly mentioned in the
context of phone services. While it is likely tisaich a synthesiser will be required to
do some news reading, a slightly more lively peasionmight be better. This should
be acquired by recording various common greetimglsveelcome messages and other
such social utterances, along with a few possiblwice options like “would you
like...” and “might | offer you a...” and so on. Alongith news texts, something like

text for tourists might be fitting.
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3.3.2 Labelling
Compared to the all-important labelling of the ampthe recording process is a

trivial matter. The labelling will consist of aligrg words, phonemes, prosodic tones
and boundaries with the waveform, and for a larggus this is extremely tedious
and time consuming. Fortunately there are waysaifglthis automatically using
ASR technology. Tools for this purpose are freelgilable. Those are mostly multi-
lingual and it might take some time to adapt thenhcelandic, so finding out if the
new Icelandic ASR engine could be of any use migghtvorth the effort. These tools
are usually fairly robust however, and tools liker@zgie Mellon’s SphinxTrain along
with the free Sphinx speech recognition system taeen reliably used to labeling
[sic] hundreds of databases in many different laggs” (Black and Lenzo 2003).
Automatic labelling will always be inadequate hoeevand manual corrections will
always be required. This is especially true of mimnalignment. This is for the
reason that ASRs are based on phoneme centres astly ngnore phoneme
boundaries. Speech synthesis, however, is bas@th@mmeme boundaries and so it is
more important to get the boundaries accuratelyerathan finding the centre. The
result may often be quite close, but if the bouredaare only a few milliseconds off,
this can have disastrous results for any speecdhasisers made from data extracted
from the corpus, as stray sounds will enter ineodiphone and interrupt the flow of
the speech.
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Figure 3.6 A misaligned diphone. The word fikkur, (‘thick’), but the second diphone [T 1] has a part
of an [u] at its start. Without knowing that the ndoshould bepykkur, it is nearly impossible to
understand.

3.4 Using the Corpus
A corpus that is never used is not worth much. @itilcan be hard to predict how

useful a corpus will be beforehand, it goes withgayting that if the corpus is hard to

access it is hardly going to be much good to anybriepe | have shown that a
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phonetic corpus for Icelandic would be of immensdug for Icelandic speech
research. Making it publicly available online iseoway of making it available, even
if only part of it is. It may be hard to adapt #ie annotated data reliably to the web
format, but even if only the sounds along with igre¢éd and searchable orthographic
transcription were available, this might be enodghthe casual user, and public
enough so the more serious researcher would knesettata existed and could get
access to the more specialised labelling along thighrequired software without too

much trouble.
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4. Final Words
have no doubt that the knowledge required to nspleech synthesis systems in

Iceland already exists. The data, however, areimgsbut these can be acquired

and put to use. With proper funding, a decent coigmud a freely available and
fully working Icelandic speech synthesiser couldalailable in just over a year. With
ongoing work the corpus can be developed furthed high quality data driven
synthesis could become a viable option. With evwethér development | could see
data driven synthesisers for other languages bexpgrted from Iceland within the

next few years.
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Appendix

Icelandic Diphones

These are the diphones that were recorded for BROLA synthesiser, adapted to
the new SAMPA standard.

6y C ey: 10 9 [
6y D 6y: m 9 i
6y G oy: n 9 ]
6y J 6y: n0o 9 k
6y JO 6y: p 9 kO
6y N 6y: pO0 9 I
6y NO 6y: r 9 10
oy T oy: ro 9 m
)Y _ oy: S 9 mO
oy C oy: t 9 n
6y cO oy: t0 9 n0
By f 6y: v 9 ou
6y 9 oy 9 ou:
oy J 9 oy: 9 oy
6y Kk 9 9 9 p
6y kO 9 9: 9 p0
6y I 9 A 9 r
6y 10 9 A: 9 ro
)Y m 9 C 9 S
oy mO 9 D 9 t
6y n 9 E 9 t0
oy n0 9 E: 9 v
oy p 9 G 9 X
oy p0O 9 I 9: oy
oy r 9 K 9: 9
oy ro 9 O 9: A
6y S 9 O: 9: C
oy t 9 T 9: D
6y t0 9 U 9: E
oy v 9 U: 9: G
6y X 9 Y 9: I
oy: D 9 Y: 9: @)
oy: G 9 _ 9: T
oy: T 9 au 9: U
oy: _ 9 au: 9: Y
oy: C 9 ay 9: _
oy: cO 9 ay: 9: au
ey: f 9 c 9: ay
By: h 9 cO 9: c
By: ] 9 ey 9: cO
oy: Kk 9 ey: 9: ey
By: kO 9 f 9: f
oy: I 9 h 9: h
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